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I. INTRODUCTION
The past few years have seen a rapid growth in the studies of Si-SiO, and metal-oxide-semiconductor (MOS) structures using positron beams.'-' Positron beam studies provide a unique opportunity for studying interface properties by employing a wide range of techniques based on principles such as Doppler broadening of annihilation y rays, angular correlation of the annihilation y rays, and lifetime for positron annihilation.* More recently, Doppler broadening of the annihilation spectrum was used to study hydrogen activation energy, interface density variations, positron mobility in SiOZ, and electric field variations in the depletion region of MOS capacitors. demonstrated that the centroid shift measurements of the positron annihilation spectra can be used to observe positron diffusion under the influence of an electric field in a MOS capacitor depletion region.5 Here we extend the centroid shift studies to the depletion region of MOS capacitors both at room temperature and at 35 K.
Positrons implanted into a solid, rapidly thermalize and annihilate with electrons producing predominantly two y rays. In the center-of-mass frame of every annihilating pair, the y rays will have a unique energy of 5 11 keV. In the laboratory frame, this y-ray energy will be Doppler shifted from the center energy of 5 11 keV by a term linear in *v/c, where v is the relative velocity (one of the y rays will be upshifted in energy while the second one will be downshifted in energy). However in the absence of an applied electric field the positron motion in the solid prior to annihilation is random. Hence the positron motion will be isotropic and the Doppler shift will be symmetric with respect to the center energy of 511 keV, resulting in a broadened spectrum. In the presence of an electric field such as in the case of positrons diffusing in the depletion region of a MOS capacitor within the Si, the positrons can acquire an average drift velocity. With a properly positioned y-ray detector with respect to this drift direction, one can detect predominantly either the upshifted or the downshifted y rays. This will result in a small but mea-
II. EXPERIMENT
The measurements were performed on device quality MOS structures with Si( 100) substrates, both n type andp type with a nominal resistivity of 2 fi cm. All samples have a 500 A oxide layer grown at 1000 "C in dry/HCl ambient and 5CO-A-thick Al [or Al/Cu (4%)] dots evaporated on top of the oxide layer which acted as the gate electrode. The area was -1.13 cm2 for positron studies and -0.008 cm2 for capacitance-voltage (C-V) measurements. The substrate doping densities were 4.2X lOI5 cmv3 for n type and 8 x lOI cme3 for p type. Both had no post-metallization forming gas anneal. The ohmic contact to the substrate was established through a back-side Al contact. The MOS system was characterized by high-frequency and quasistatic C-V measurements. The relevant parameters from the analysis are given in Table I . Since the positron measurement required large area dots, the current through the sample was monitored to ensure the integrity of the oxide, and its value was <lop9 A throughout the experiment.
Details of the positron beam setup used in the present experiment may be found elsewhere.12 The positron beam enters the sample through the front Al gate. The annihilation y rays are recorded in a Ge detector situated behind the sample, on the opposite side of the beam entrance into the sample. A Bi2" radioactive source (which has a 570 keV y-ray decay) is used as a reference. The centroid shift of the annihilation y rays is thus referenced to a known y-ray line centroid. This ensures that the small fluctuations in the data acquisition modules will not destroy the expected signal. It should be pointed out that in an earlier centroid shift measurement' the reference line was used only to stabilize and the centroid of the reference line itself was not recorded. The centroids of the annihilation photopeak were recorded alternately at positive, negative, or zero gate bias to avoid any systematic errors. The positron beam energy was varied to obtain a plot of centroid shift versus beam energy. At each energy, 100 data points were collected (50 at f Vc and 50 at zero V,, where V, stands for the applied gate bias to the MOS Al front electrode; f V, are used to create depletion regions in p-and n-type MOS systems, respectively). Each of these 100 data points contained 5 x lo5 counts in the annihilation photopeak. The difference between the centroid of the annihilation peak corresponding to the zero bias and the finite bias (after correcting the centroid with respect to the "'Bi reference y-ray line) yields the centroid shift corresponding to the incident positron energy. The MOS capacitor was shielded from light during the experiment to ensure the formation of deep depletion regions in the silicon. Hence an inversion layer was not formed both at room temperature and 35 K during the measurement.
Ill. RESULTS AND ANALYSIS
The room temperature measurement yielded no measurable centroid shift for both n and p type. In a previous measurement at room temperature with MOS capacitors of lower doping densities, substantial centroid shift was reported-5 In our case the increased doping densities resulted in the formation of a narrow depletion layer at room temperature and caused a nearly zero centroid shift. Hence a low-temperature (35 K) measurement was performed and a sizeable centroid shift was obtained as shown in Figs. 1 and 2. These figures show centroid shift measurements for different gate bias voltages as a function of beam energy (440 keV). The solid lines through the data points are obtained by a fitting procedure described below. The increase in the centroid shift at low temperatures is due to a reduction in the carrier density which produces an increase in the depletion layer thickness.
The shape of the centroid shift curve can be qualitatively understood as follows. The centroid shift is coming from the positrons that are annihilating in the electric field regions of the silicon. Although there is an electric field in that annihilation from the oxide region will not contribute significantly to the measured centroid shift. This assumption is strengthened by the nearly zero centroid shift observed (within the present sensitivity) for these samples at room temperature and for beam energies below 4.0 keV. The shape of the centroid shift versus energy curve (in Figs. 1 and 2 ) is due to the initial increase and the subsequent decrease in the fraction of positrons annihilating from the electric field regions of the silicon. This comes about from an interplay of the variations in the implantation profile with beam energy and the linearly decreasing electric fields in the depletion region of Si.
It is also worth remembering that in ap-type sample, positrons drift away from the interface under the influence of the depletion electric field as opposed to an n-type sample in which positrons drift towards the interface. When positrons reach the interface they become localized before annihilation, thus losing the memory of the field assisted diffusion. This is evident in the data reported here by a higher centroid shift for the p-type sample, when positrons are implanted close to the interface (see 4.0-8.0 keV data in Figs. 1 and 2 ). The sharp drop of the centroid shift curve for the p-type sample in comparison to the n-type sample at higher energies is due to the differences in the depletion layer thicknesses. The p-type sample has a higher doping level and thus needs a smaller distance (due to increased density of ionized dopant atoms) to terminate all the applied external field lines. Hence for thep-type sample when positrons are implanted at higher energies (i.e., deeper into the Si substrate) the centroid shift will be smaller than the n-type sample. The fact that positrons are drifting away from the interface in a decreasing electric field for the p-type sample also played a role (by reducing the positron drift velocity and hence reducing the centroid shift) in producing a sharper drop at high energies.
Leung et al. have analyzed their centroid shift data with an exponential positron implantation profile which resulted in an analytic expression for the fraction of positrons annihilating in the electric field regions of the MOS capacitor.5 A more realistic ?$firoach but &ii<implified because of the assumed constant E field in the depletion region used here employs a derivative Gaussian distribution* for implanted positrons with the subsequent evolution of the positrons described by a one-dimensional, steadystate, diffusion-annihilation equation8"3
The fitted parameters are compared with a calculation using the charge neutrality14 and standard MOS physics15 in Table II . The calculated E field at the silicon surface is of the-same order, whereas the calculated depletion depth is consistently higher than the corresponding fitted values. The difference may be due to the constant E field assumed in the fitting model as opposed to the linearly decreasing E field present in a real MOS system. where n(x) is the time averaged positron density, D, is
We also repeated the analysis of our results with the the positron diffusion coefficient, vd is the field dependent simplified approach of Leung et aL5 The fitted values redrift velocity [ud = pE(x); p = positron mobility, E(x) sulting from this analysis for the depletion depth ( W) and = electric field], and P(x) is the normalized implantation the E field are in general smaller than the values reported profile for positrons. This equation can be solved numeribefore. For example, at f 20 V, W = 2.2 x lo4 A for in type cally for a layered structure (Al/SiOJdepletion layer/ and W = 8.9 X lo3 A for p type. For completeness we also bulk silicon) to obtain the fraction of positrons annihilatanalyzed the data of Leung et al. with the present model ing in each layer. The observed centroid shift is then and obtained the parameters given in Table III . The proportional to the fraction of positrons annihilating in the present analysis produced an increase in the depletion depletion layer of the MOS capacitor. Alternatively, the depth when compared to the published results of centroid shift versus energy data can be fitted with the Leung et al. above model by varying the electric field and the depletion layer width. The solid curves through the data points in Figs. 1 and 2 are obtained from such a minimization procedure.
The fitted quantities with different bias conditions are given in Table II . The errors associated with the fitted numbers are large, reaching values as high as 50% of the parameter value itself. This is in large part due to the builtin momdeling difficulties, namely that the fitting program can achieve a satisfactory fit by either increasing the depletion layer width while simultaneously decreasing the E field or decreasing the depletion layer along with an increase in the E field. Also, our numerical model cannot incorporate a varying electric field in the Si. However, the parameters derived from the fitting program do show systematic trends. (E) and depletion depth (IF)] derived from the present fitting procedure to the results of Leung et al.
Parameter
Present fit E( X 10' V/cm) In conclusion, we have verified the electric field-assisted motion of positrons in the depletion layer of a MOS capacitor, with both n-and p-type substrates. The measurement indicates the field-assisted ionization of dopant atoms at temperatures as low as 35 K and the formation of depletion (deep-depletion) regions in Si. A qualitative explanation for the difference in the shape of the centroid shift curves for n and p type is provided and modeling results show that qualitative predictions can be made for the field dependent parameters. For better understanding one will require a more detailed analysis of the data with improved models.
